Sewage sludge is an important resource for the generation of electricity and heat within a wastewater treatment plant (WWTP). Taking a holistic approach to such use involves considering the greenhouse gas emissions. In particular, for anaerobic sludge treatment, methane emissions are a matter of concern. Therefore, the utilization of a carbon balance, based on the chemical oxygen demand (COD), will be a focus for evaluating the magnitude of methane losses within the sludge treatment. In addition to biogas production and use in combined heat and power plants (CHPs), dissolved methane in digested sludge, as well as the methane slip, have to be considered.
INTRODUCTION
Wastewater components eliminated during the treatment process are partly converted into gaseous substances and partly accumulated as sewage sludge. Because of the current focus on the sustainable use of resources, the use of sewage sludge for energy generation has become a particular concern. There is a significant demand for optimizing energy generation from organic matter contained in sewage sludge, or for minimizing the consumption of external energy sources for sewage sludge treatment and disposal. Therefore, the utilization of a carbon balance, based on the chemical oxygen demand (COD), is becoming an increasingly important issue; based on the stoichiometric calculation, the COD seems to be more appropriate for optimization than the commonly used total volatile solids (TVS) (Schaum et al. ) . Figure 1 shows, based on a specific COD load of 120 g COD/(PE·d), the COD balance in a conventional municipal wastewater treatment plant (WWTP) which consists of primary treatment, an activated sludge process and digestion (Meda et al. ; Svardal ) . Approximately 55% of the COD load in the influent of the WWTP is directed to the digestion process via the primary and surplus sludge. The remaining 45% (approximately) is either converted to carbon dioxide during the biological wastewater treatment or can be found in the plant's effluent. Digestion of the primary and surplus sludge produces 45% biogas (in terms of the COD load in the primary and surplus sludge, i.e. in the digester's influent) that can be used in energy generation in combined heat and power plants (CHPs).
In view of the fact that methane is around 25-86 times more harmful for the climate than carbon dioxide (global produced by digestion or by the use of biogas. This is of particular importance with respect to greenhouse gas emissions; however, very few approaches to this issue have been published to date.
The following three aspects will be addressed:
• methane that is dissolved in the sludge and removed from the digester together with the sludge,
• residual gas potential that may be created in the thickener, and
• methane slip that may be released during the use of biogas in CHPs.
Because virtually no data about dissolved methane are available, the focus for both the theoretical considerations and the practical experiments will primarily address the determination of gas solubility.
Gas solubility in digested sludgetheoretical foundations
The theoretical solubility of methane in an aqueous phase can be calculated using Henry's law. The solubility of a substance in pure water depends on the temperature, the concentration of the substance in the gas, and the pressure, therefore:
• the higher the concentration in the gas phase, the higher the concentration of dissolved methane,
• the higher the temperature, the lower the concentration of dissolved methane, and • the greater the pressure, the higher the concentration of dissolved methane. Figure 2 shows exemplarily the theoretical solubility of methane in pure water as a function of the temperature, using the following assumptions on the basis of a conventional anaerobic digestion process: methane concentration in the gas 60%; mean absolute pressure within the reactor 1,913 hPa; Henry's constant, according to Haynes et al.
() and NIST (): These theoretical relationships make it clear that, at 37 W C, the concentration of dissolved methane in digested sludge is approximately 22 mg CH 4 /L. In a saturated NaCl solution, the concentration decreases to approximately 2 mg CH 4 /L, which is relevant for the development of methods to detect the concentration of dissolved methane.
It should be noted that these theoretical considerations only apply to the boundary conditions listed above; possible effects of supersaturation, e.g. micro gas bubbles attached to the sludge, have been ignored.
MATERIALS AND METHODS
To evaluate the methane emissions that arise in the course of sewage sludge treatment, a COD balance was prepared.
The amounts of dissolved methane and methane remaining in the digested sludge (residual gas potential) were measured experimentally, whereas the methane slip was estimated theoretically.
Digested sludge samples from several municipal
WWTPs were investigated. The characterization of the digested sludge properties was carried out by measuring the total solids (TS), TVS, and COD, as well as pH, temperature, and conductivity.
One of the challenges associated with measuring the dissolved methane concentration in digested sludge is preventing an exchange of gases with the environment, i.e. as soon as the sludge leaves the digester, the dissolved methane is stripped into the atmosphere. In addition, the concentration of solids in samples taken from the sludge must also be considered, because it may influence the method employed (e.g. diameters of tubes and cannulas). A variety of methods has been developed for studying sewage and Additional experiments have been carried out in order to strip the dissolved methane: the methane solubility equilibrium was shifted by adding sodium chloride up to saturation. The aim of adding the sodium chloride was also to inhibit microbiological activity.
The analysis of the gas samples was carried out with a gas chromatograph (FID-detector, Agilent Co., Santa Clara, USA).
For the determination of the residual gas potential of the digested sludge, anaerobic digestion tests were performed at mesophilic conditions (37 W C) in a water quench, via 1 L bottles in a batch-wise manner, in accordance with the VDI guidelines (VDI ).
RESULTS AND DISCUSSION
Validation of the method developed to measure the dissolved methane concentration
As part of the development of the method, the first step was to validate the experimental setup and procedure, whereby the following results were obtained.
• Multiple determinations (15 individual measurements, WWTP #1): mean: 36.9 mg/L; standard deviation:
3.4 mg/L (with NaCl), which provided confirmation for the high reproducibility of the experimental setup.
• Variations in the volumes of digested sludge samples: Figure 3 demonstrates the excellent correlation between variation in sample volume and dissolved methane. The concentration was 39.7 ± 1.9 mg/L CH 4 .
• Variations in reaction times: measurement for differing reaction times demonstrated that the solubility equilibrium was achieved relatively spontaneously; see • In accordance with the theoretical considerations, using NaCl produced a clearly higher methane concentration, because the shift in solubility led to the complete stripping of the methane dissolved in the sludge. Approximately only 65%, on average, of the dissolved methane can be determined without the use of NaCl (measurements at 37 W C).
Investigations of dissolved methane in various WWTPs
• In two WWTPs (#1 and #2), a comparison between measured (with NaCl) and calculated methane concentration yields values that are approximately 50% higher.
Supersaturation, i.e. where the measured methane concentration is higher than that calculated on the basis of theory, has also been observed in anaerobic sewage treatment plants (Hartley & Lant ) , whereby the degree of supersaturation varies strongly with supersaturation ratios In all the investigated WWTPs, the circulation in the digester was achieved with external pumps, and the circulation rates were similar. Further investigations are needed to determine the effect of circulation, particularly when gas lifting is used. Circulation during digestion may influence the concentration of dissolved methane.
WWTP #3 operates three digestion tanks (tank 1: 5,500 m³; tanks 2 and 3: 3,250 m³ each) that are connected in series. The retention time in tank 1 is approximately 18 d. Samples for the determination of the dissolved methane concentration were taken from all three tanks; the methane concentration (with NaCl) in tanks 2 and 3 was 11 mg CH 4 /L and 16 mg CH 4 /L, respectively, and thus significantly less than in tank 1 (29 mg CH 4 /L, see Table 1 ). This indicates a possible relationship between the dissolved methane concentration and the digestion procedure (operation in series, retention time) that requires validation in future experiments. the sludge leaves the digester. The concentrations of dissolved methane in stored process water are << 1 mg/L, i.e. the methane that is dissolved in the digested sludge is released into the atmosphere during the subsequent processing steps.
Comparison between measured and published values
Because the measurement of methane emissions is complex, data related to this parameter in the field of WWTPs are both scarce and vary greatly (see Table 3 ). Methane emissions in WWTPs without digestion can be identified close to the inlet pipes/canal and/or at locations where anaerobic conditions exist. In plants with digestion, the emissions are shifted to this area, or to digester constructions/machine technology located up-or downstream.
The average concentration of dissolved methane obtained in these investigations was approximately 29 mg CH 4 /L (values for averaging were derived only from mesophilic digestion), which corresponds to an estimated yearly specific load of approximately 14-21 g CH 4 /(PE·a) under the following assumption: amount of digested sludge per day 40-50 g TS/(PE·d), TS concentration 25-30 g TS/L. STOWA () estimated yearly methane emissions from digestion to be 65 g CH 4 /(PE·a); see Table 3 , whereby the concentration of dissolved methane in digested sludge represents only one factor. Other factors include methane emissions from storage devices as well as methane slip, which is produced during combustion in CHPs.
Results of measurements of the residual gas potential
In addition to methane losses due to its solubility, possible methane formation in the post-thickener, which can occur because of the residual methane potential of the digested sludge, has to be considered. The residual methane potential depends on several parameters, such as sludge retention time or volume load of the digester. For example, for WWTP #2, the batch test resulted in a methane production of approximately 30 NL CH 4 /kg TVS add after 5 d; i.e. during 2 d storage (e.g. over the weekend) on average about 15 NL CH 4 /kg TVS add residual gas is formed. Thus, if the retention time in the post-thickener is reduced, methane emissions could be reduced (Figure 4) .
COD balance for sewage sludge treatment Figure 5 shows a simplified COD balance of the complete digestion system, whereby, as an extension of Figure 1 , the following methane emissions were taken into account. In terms of the COD balance, the ratio of methane emissions (methane slip, dissolved methane and residual gas) is <4% based on the total produced methane during digestion.
Nevertheless, taking into account the global warming potential (GWP) of methane the relevance gets more significant. Figure 6 shows specific methane emissions as CO 2 - Compared to specific emissions of approximately 500-1,000 CO 2 -equ./kWh el (FFE ) by fossil fuels, the methane emissions occurring due to the sewage sludge treatment have to be focused on and have to be reduced.
CONCLUSIONS
The energy generation use of sewage sludge is an important step in the generation of electricity and heat within a WWTP. For a holistic approach, greenhouse gas emissions have to be considered. Methane emissions are of particular concern in anaerobic treatment. Therefore, the focus is on the utilization of a carbon balance, based on the COD, to evaluate the magnitude of methane losses during sludge treatment. In addition to biogas production and use, dis- 
